The present study investigates numerically the thermal and flow characteristics and transient particle behavior in the conventional flame spray process by using the computational fluid dynamics (CFD) code (ANSYS Fluent V. 16.1). From geometrical consideration, it is noted that the deposition angle of a particle decreases drastically on a curved surface because of the curvature effect, and significantly affects the normal impact velocity of the particle. Numerical results indicated that the normal component of the particle impact velocity on the curved surface was lower than that on a flat surface by up to 5.7%. This result is significant with regard to the adhesive characteristics, as binding energy with the substrate is proportional to the square of the particle's normal impact velocity. The influence of spray distances and radius of the curved substrate were examined and the corresponding results would be useful in finding optimal operating conditions for the curved substrate. It was observed in this study that the spray distance exhibited a more dominant effect on the particle impact velocity, substantially associated with the coating quality of the deposited layer.
Introduction
Thermal spraying method has been widely used as one of promising coating techniques, and typically uses a number of melted or partially melted particles which are sprayed on a target surface. It is a generic surface coating method used in steel production for various industries, including aeronautics, heavy industries, the automotive industry, and mining. 13) The thermal spray techniques employ different kinds of heat sources, such as an electric arc, combustion, and plasma, to melt the particles. 1) Typically, the coating involves applying metallic and ceramic coating layers onto a super-alloy substrate.
2) The thermal-spray process produces surface coating to protect the substrate from corrosion, wear, and the thermal barrier. 3) Although the quality of the coating layer is affected by many factors, it is usually characterized with respect to the surface roughness, porosity, and hardness. 4) Recently, several researchers conducted experimental and numerical studies in predicting the thermos-fluidic interactions with the sprayed particles. 5) Most research has focused on the surface characteristics and development of new materials used for thermal spray coating; the physics of thermofluids and their effects on coating characteristics have hardly been studied. Thus, a detailed understanding of the coating mechanism and thermofluidic interactions in the thermal spray process is necessary to enhance the coating quality for industrial applications.
Many researchers have studied various phenomena under different thermal spray coating operating conditions. Various experimental parameters are considered to enhance the coating quality in thermal spraying. 610) Ghafouri-Azar et al. 6) predicted the spreading characteristics of a molten metal droplet by using an experimental droplet impact and solidification model. According to an experimental investigation by Voyer, 7) the hardness of the flame spray coating was similar to that of other high-quality coatings obtained by alternative thermal spray processes. El-Hadj et al. 8) showed that the solidification of the splat and the adhesion with the substrate were affected by the gas temperature in the vicinity of the substrate. They also suggested that the gas temperature in the vicinity of the substrate does not exceed the melting point of the particles. The adhesive strength between the coating layer and the substrate was highly correlated to the particle velocity and thus affected the plastic deformation, yielding a mechanical interlock effect. 9) Huang et al. 10) reported that when a dense alumina coating layer is obtained by flame spraying technology, very cost-effective and highly protective surfaces can be manufactured for using in marine environments. Additionally, numerous studies have employed numerical analysis to simulate the thermal spraying and predict the flow and thermal characteristics.
1115) Bandyopadhyay and Nylen 11) conducted three-dimensional (3-D) computational fluid dynamics (CFD) simulations to compare the effects of chemical reaction models on the flow and thermal fields, reporting that the results predicted for a single-reaction process agreed fairly well with the results obtained using the multi-reaction model. They also recommended the global chemical reaction model for simulation. Shin et al. 12) reported that preheating the substrate increased the flatness of the interfaces which improved the adhesive strength of the coating layer. They also predicted the gas velocity/temperature fields and particle behavior in the flame spray process by a numerical analysis. Lee et al. 13) found that the particle temperature varied according to the spray distance, and it decided the melting state of the particle that could thus ultimately affect the uniformity of the coating layer during the flame spray process. Autissier et al. 14) employed a volume-weighted mixing law model to calculate the heat capacity of the mixture. Lee et al. 15) examined the temperature and velocity distributions along the centerline with respect to the particle sizes and shapes, which were highly affected by the inertia and heat capacity of the particles.
Recently, numerous studies on the spray angle were conducted experimentally and numerically, mostly focusing on the coating quality in thermal spraying. The spray angle is one of the important parameters influencing the deposition angle on the substrate, particularly the normal component of the particle impact velocity, which depends on the deposition angle. Yin et al. 16) showed that the coating quality and particle deformation were affected by the tangential momentum when the spray angle was less than 90°. They also investigated the effects of the substrate hardness, finding that materials with a low hardness have a high adhesive strength because they provide mechanical interlocking at the first layer of coating. Yin et al. 17) numerically studied the temperature distribution of the substrate with respect to the spray angle in the cold spray process using a 3-D CFD code. Yin et al. 18) numerically investigated the effect of the angle of the substrate on the normal impact velocity of the particles, finding that an increase in the substrate angle decreased the efficiency of the deposition because of the decline in the normal component of the particle velocity. Tillmann et al. 19) reported that the coating quality®assessed according to the deposition rate, roughness, and porosity®was negatively affected by the reduction of the spray angle. They suggested that the spray angle should be larger than 45°because the normal component of the impact velocity, rather than the tangential component, is dominant in this range.
Most experimental and CFD studies on thermal spraying have investigated the effects of the operating conditions in order to improve the coating quality. However, many researchers studied the coating processes only on flat substrates. The coating quality on a curved surface is greatly affected by the deposition angle due to the curvature, because a low deposition angle degrades the quality of the coating. In fact, curved structures are widely used in industrial fields. Thus, to improve the coating quality, the fluid and thermal characteristics on curved substrates in thermal spraying should be examined.
Figures 1(a) and (b) show the motivation and schematics of the thermal spraying on substrates with different shapes. Here, we observe that the deposition angle for the curved surface is smaller than that for the flat one at the same normal distance from the centerline. The deposition angle is one of the important factors for determining the normal impact velocity related to the adhesive energy between the particles and the substrate. To compare the decreasing tendency with respect to the deposition angle between the flat and curved surfaces, we employ the following geometrical consideration:
When the spray distance, L, and the radius of the curved substrate, R, are fixed, the deposition angle, ª, is only a function of º, which is the angle from the centerline. ¦ means the normal direction based on the centerline at a given x position. Figure 2 indicates the tendency of the deposition angle with respect to the normal distance from the centerline, ¦, by applying eq. (1) at different substrate shapes. The deposition angle rapidly decreases for the curved substrate because of the curvature. Thus, it is worthwhile to examine the effect of the curvature on the spray coating. The main objective of the present study is to elucidate the effect of the curvature on the thermos-fluidic characteristics by using a CFD simulation. Different flow and temperature distributions were generated according to the different substrate shapes and compared in the vicinity of the substrate. The behavior of the sprayed particles was also affected by the turbulent flows, and the normal impact velocity of a particle was analyzed when the particles are impacting on the substrate using a particle-tracking method. In contrast to the flat surface, the curved surface exhibited a rapid decrease in the deposition Effects of Curvature on the Flow Characteristics and Particle Behavior in the Flame Spray Processangle, which decreased the normal impact velocity of the particles.
Mathematical Representation and Numerical Details

Governing equations
The conservation equations for the mass, momentum, energy, and species are expressed as follows: 20) 
where µ is the fluid density; u is the fluid velocity; p is the fluid pressure;¸j i is the stress; S M represents the external body forces; k eff is the effective conductivity; J jq is the diffusion flux of the species q; S E includes the heat of the chemical reaction and any other volumetric heat sources; Y q is the mass fraction of the species q; and R q is the net rate of production of q by the chemical reaction.
The standard k À ¾ turbulence model was adopted, and the standard wall function®including the buoyancy effects® was used to describe the turbulent dissipation energy near the wall. The transport equations for the turbulent kinetic energy, k, the rate of energy dissipation, ¾, the fluid viscosity, ®, the generation of turbulence kinetic energy due to the mean velocity gradients, G k , the generation of turbulence kinetic energy due to buoyancy, G b , are given as follows:
where the turbulent viscosity, ® t , can be determined as
The model constants are given as follows:
To simulate the combustion process using the eddydissipation model, we adopted a global reaction model using the simple reaction formula, 2C 2 H 2 þ 5O 2 ! 4CO 2 þ 2H 2 O. In the eddy-dissipation model, the overall rate of the reactions is controlled by turbulent mixing. We used a turbulence-chemistry interaction model called the eddydissipation model that is based on the work of Magnussen and Hjertager. 20) The net rate of production of the species q due to the reaction, R q , is given by the smaller of the following two expressions:
where¯0 q is the stoichiometric coefficient of product q for the reaction; M q is the molecular weight of species q; N is the number of chemical species; and A and B are empirical constants equal to 4.0 and 0.5, respectively. In addition, the chemical properties were predicted by CHEMKIN 4.1. The adiabatic flame temperature was theoretically estimated as T ad = 3342 K for the oxy-fuel combustion. To predict the particle behavior in the flame spray process, a discrete phase model (DPM) was derived according to the Lagrangian description. The rate of change of the particle velocity u p in the x direction can be expressed as follows:
Re
where F D denotes the drag force per unit particle mass and g is the gravitational acceleration, expressed in terms of the Reynolds number as defined in eq. (14); C D is the drag coefficient; d P is the particle diameter; µ P is the particle density; the subscript P indicates the particle. Considering the convective heat transfer as well as the absorption/emission of radiation, the particle temperature was estimated using the following equation:
where c p is the heat capacity of the particle; A p is the surface area of the particle; T P is the particle temperature; T 1 is the local temperature of the continuous phase; h and ¾ p are the convective heat transfer coefficient and the emissivity of particle, respectively; · is the Stefan-Boltzmann constant; and ª R is the radiation temperature.
Numerical details
For the numerical calculation, we constructed a 3-D computational domain 300 © 300 © 350 mm in size for the 5P-II powder spray gun 21) and the substrate. The size of the computational domain was extended sufficiently to avoid the outlet boundary effects, and the grid sizes were selected by performing grid independence tests. As shown in Fig. 3(a) , three dissimilar nozzles of the gun were modeled on three concentric circles with different radii, and 10 holes were installed at regular intervals. The flat and curved substrates were modeled to compare their thermos-fluidic characteristics, and the simulation cases are presented in Table 1 . Case 1 involved a simulation with flat substrate at a height of 90 mm from the centerline, and case 3 (L = 150 mm, R = 90 mm) was used as a base case for the present study. Other cases with different spray distances and radii of the curved substrate were employed to investigate the effects of these factors on the deposition angle.
In regard to the computational efficiency, the meshes were generated in one quarter of a whole domain to take advantage of the geometrical characteristic regardless of the changes in the mesh size. The symmetry boundary conditions are characterized by a normal velocity of zero and the gradients of all the variables on a symmetry plane. Tetrahedral meshes were generated near the nozzle for presenting its composite geometry. Fine grids were generated with hexahedral meshes to increase the accuracy of the computational results; the total grid number was finally 1,013,617. As shown in Fig. 3(b) , a grid system was constructed using an ICEM-CFD code (V. 16.1), and a commercial CFD software (Fluent V. 16.1) was used.
For the boundary conditions, the pressure inlet condition was employed to the secondary air-inlet nozzles with a pressure of 103,425 Pa (15 psi), an air (N 2 : O 2 = 79 : 21), and a temperature of 293.15 K. The pressure inlet condition was also adopted to the other inlet nozzles with a pressure of 172,375 Pa (25 psi), an oxygen-fuel (C 2 H 2 : O 2 = 6 : 5) at an equivalent ratio of 3.0, and a temperature of 293.15 K. Initially, the temperature was 293.15 K, and the computational domain was filled with air (N 2 : O 2 = 79 : 21). Table 2 presents the detailed boundary conditions for this CFD simulation. Moreover, the SIMPLE scheme was adopted for pressurevelocity coupling. In addition, the first-order upwind scheme was used for the discretization of all the equations. The density and specific heat of the mixture was calculated using the volume-weighted mixing law on the basis of material's individual properties. In the present simulation, the computational time for each case was approximately 4 hours. The simulation was conducted using a computing system with a 3.50 GHz processor (IntelR CoreTM i7-3770K CPU) and 4 GB RAM with 8 nodes.
Results and Discussion
In Figs. 4(a) and (b) , the distributions of the gas velocity and temperature, respectively, were predicted for the base case (curved, L = 150 mm, R = 90 mm). The maximum velocity was estimated to be 554 m/s at the inlet nozzle, and the maximum temperature was predicted to be 2852.56 K near the nozzle because of the oxy-fuel combustion. To obtain more detailed information, we plotted four lines from the nozzle to the substrate, as illustrated in Fig. 5 . The following three lines were parallel to the centerline from the nozzle: fuel plus particle (Line1), fuel plus oxygen (Line2), and secondary air (Line3). A supersonic characteristic was observed because of the very high injection pressure of 172,375 Pa (25 psi) at the nozzle. Thus, the compressibility effects are very important in calculating the fluid flows near the nozzle. The gas velocity exhibited a rapid decrease, and subsonic flows were finally generated before impacting the substrate. According to the works of Shin et al., 12) it was reported that the flame gas velocity at a distance of 20 mm from the nozzle reached 220 m/s and decreased to 80 m/s near the substrate because of a wall proximity effect. The present study shows similar results in predicting the velocity profiles near the nozzle and the substrate compared to the previous work.
12) Figure 5 (b) shows the temperature evolution from the nozzle to the substrate. Except for line 3, all the gases participated in the combustion, and the temperature profiles did not exceed the adiabatic flame temperature of acetylene. The gas temperature along line 3 remained at 300 K after the spraying because the injected gas from this nozzle was only air and its position was too far from the centerline to allow direct participation in the combustion.
To investigate the flow in the vicinity of the substrate, the gas velocity magnitude was plotted at a distance of 1 mm from the substrate, as shown in Fig. 6 . Along the centerline from the nozzle, the gas velocity decreased dramatically owing to the wall proximity effect, and the flow spread toward the side of substrate, similarly to the flow behavior of an impinging jet. The gas velocity varied significantly according to the spray distance. Case 5, with a spray distance of 100 mm, exhibited the highest gas velocity of 59.4 m/s, and case 6, with a 200-mm spray distance, exhibited the lowest velocity profile. In all cases but these two, the spray distance was fixed as 150 mm, and the velocity profiles exhibited a similar tendency in the range from 20 to 30 m/s. At the edge of the substrate in case 2, the gas velocity was higher than those in the other cases with the same spray distance of 150 mm. The flow passed the surrounding the substrate after impinging because of its relatively small drag compared with the flat or larger radius of the curved surface. For the entire substrate, the maximum difference in the velocity, 23.7 m/s, was observed in case 5, and the minimum value, 8.6 m/s, was observed in case 6. The flow was concentrated on the centerline immediately after the injection of the gas, but it was gradually dispersed because of the spray angle of the flame gun. The gas velocity became uniformly distributed when the gas traveled farther from the nozzle. The solid temperature along the height of substrate was plotted for every simulation case, as shown in Fig. 7 . The highest solid temperature, 1625.9 K, was observed in case 5, and the corresponding maximum difference of the substrate temperature was calculated as 25.4%. The lowest solid temperature was observed in case 6, and its maximum difference was estimated as 11.6%. The results for a spray distance of 150 mm exhibited a similar tendency in the temperature distribution. Thus, the solid temperature variation is affected by the flow characteristics depending on the spray distance. El-Hadj et al. 8) recommended that the highest solid temperature be maintained under the melting point of the particles in the vicinity of the substrate. The solid temperature did not exceed the melting temperature of nickel, which was approximately around 1728 K. Thus, when using nickel particles, the spray-distance range of 100200 mm would be suitable to coat the steel substrate. At the center of the substrate, however, maximum temperature difference among the simulation cases was predicted as ³768 K. The substrate may be damaged by the thermal stress due to the steep temperature gradient at a spray distance less than 100 mm. Figure 8 shows a front view of the two-dimensional distributions of the particles after they impacted the substrate in case 3. The particles were distributed vertically and horizontally within 20 mm from the center of the substrate, yielding a spray distance of 150 mm. A denser distribution was found near the center region, and the particles were dispersed according to the nozzle arrangement with 10 holes spaced at intervals of 36°. The particles' normal impact velocity was calculated using eq. (1) for the curved substrate, and its distribution in case 3 was illustrated as shown in Fig. 9(a) . Nickel particles with a diameter of 45 µm were employed for the particle tracking measurement. The maximum and minimum particle velocities were estimated as 90.8 and 49.2 m/s, respectively. A particle impact velocity greater than 50 m/s is deemed acceptable for a flame powder gun. 21) However, the maximum velocity was almost double the minimum value, and the maximum energy was almost quadruple the minimum energy. Thus, a better process is needed for enhancing the impact velocity to build a reliable coating layer using a flame spray gun. The particle temperature during the impact with the substrate was predicted, as shown in Fig. 9(b) . The maximum and minimum temperatures were estimated as 1304.6 and 838.3 K, respectively. The particles did not exceed the melting temperature of nickel (1728 K). All the particles were considered to be in a semi-molten state, yielding a porous structure depending on the material of the particles. When the particles were sprayed through the nozzle, their flow direction was determined along the streamline depending on the initial injection position. Unless the particles directly contacted the flame, their temperature evolution was not significantly changed.
As shown in Fig. 10 , the average and the standard deviation of the normal impact velocity were showed for every simulation case. The results for the particle impact velocity exhibited a prominent effect of the curvature. The averages of the normal impact velocity in cases 1 and 3 were 84.1 and 79.3 m/s, respectively. The normal impact velocity was 5.7% lower for the curved surface than for the flat substrate, and it was highly correlated to the adhesive characteristics.
9) The kinetic energy of the particle was converted to energy causing binding with the substrate; thus, only the normal component of the velocity was involved in determining the adhesive characteristics. Therefore, the average kinetic energy of the particles for the curved surface was reduced to ³11.1%, as it is proportional to the square of the velocity. In addition, cases 2, 3, and 4 were simulated to investigate the effect of the radius of the curved substrate, but there was no outstanding difference in the impact velocity among them. Particles were dispersed within 20 mm from the centerline, which was too narrow a region to show a remarkable difference in the impact velocity. Therefore, a curved substrate having an extremely large radius can act like a flat surface in the narrow region near the centerline. Consequently, there was little increase in the impact velocity as the radius increased. Moreover, the results in cases 3, 5, and 6 indicated that the influence of the spray distance is a dominant factor affecting the impact velocity. The average of the normal impact velocity in case 5 with a spray distance of 100 mm was predicted as 75.1 m/s, and that in case 6 with a spray distance of 200 mm was estimated as 79.5 m/s. First, the particles were injected through the nozzle with an initial velocity of zero. After the spraying, they were dramatically accelerated because of the high injection gas pressure. Because of the compressibility effect, the gases became a subsonic flow, and the external force exerted by this flow did not strongly accelerate the particles. Within a spray distance of 100 mm, over 10.3% of the kinetic energy was lost because the particles impinged on the substrate before they were fully accelerated. Thus, a sufficient spray distance was required to deposit a reliable flame spray coating.
Conclusions
The present study numerically investigated the thermofluidic characteristics for different substrate shapes, as well as the effect of the curvature of the substrate on the particle behavior. The following conclusions were drawn. The average impact velocity of the particles on a curved substrate was predicted to be lower than that on flat substrate. The kinetic energy of particles was dissipated to the tangential direction with increase in deposition angle due to the curvature. The adhesive strength of the curved coating layer was significantly affected by the particle normal impact velocity because the binding energy was proportional to square of the velocity. The spray distance exhibited a greater effect on the particle impact velocity than the curvature of the substrate as the flow field was changed. The acceleration of the sprayed particles above a certain velocity was required for the achievement of a high-quality coating layer. Thus, a sufficient spray distance is necessary to obtain a reliable coating layer by flame spraying. Moreover, if the flame gun is too close to the substrate, the thermal stress due to the steep temperature gradient can be exerted on the interface between the substrate and coating layer. Finally, CFD results can be helpful in the deposition of a good coating layer and provide useful data regarding the optimal operating conditions. 
